
Scripta Materialia 231 (2023) 115438

Available online 28 March 2023
1359-6462/© 2023 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

Significant mechanical softening of copper under coupled electric and 
magnetic stimuli 

Yueqing Yang a, Yuecun Wang a, Huanhuan Lu a, Zhangjie Wang b, Degang Xie a, 
Yongfeng Zhao c, Junli Du c, Chaohua Wang c, En Ma b, Zhiwei Shan a,* 

a Center for Advancing Materials Performance from the Nanoscale (CAMP-Nano) & Hysitron Applied Research Center in China (HARCC), State Key Laboratory for 
Mechanical Behavior of Materials, Xi’an Jiaotong University, Xi’an 710049, People’s Republic of China 
b Center for Alloy Innovation and Design (CAID), State Key Laboratory for Mechanical Behavior of Materials, Xi’an Jiaotong University, Xi’an 710049, People’s Republic 
of China 
c State Grid Henan Electric Power Research Institute, Zhengzhou 450052, People’s Republic of China   

A R T I C L E  I N F O   

Keywords: 
Copper 
Mechanical properties 
Transmission electron microscope 
Electromagnetic coupling stimuli 

A B S T R A C T   

The mechanical reliability of metallic components is vital for the stable operation of electrical equipment, 
especially for those used in ultra-high voltage transmission and electromagnetic launching, where metallic 
materials inevitably suffer from high-density current and strong magnetic field. However, little has been known 
about the mechanical behavior of metals under the electric-magnetic coupling stimuli. Here, by performing 
quantitative electromechanical tests under the built-in magnetic field inside transmission electron microscope, 
we found that copper, one of most commonly used conductive metals, can be significantly softened by the 
coupled electrical-magnetic stimuli, manifested as notable yield strength drop by five-times and obvious creep 
deformation at room temperature. A plausible mechanism behind the unusual softening, local-Lorentz-force- 
assisted dislocations depinning, has been proposed. Our results shed new light on understanding the 
deformation-induced failure of metals served in electromagnetic environments, and also inspire a new me
chanical processing way for reshaping metals at much lower loads and temperatures.   

Many key copper components, such as windings of the converter 
transformer used in the ultra-high voltage (UHV) transmission [1,2] and 
the rails in the electromagnetic launching [3,4], are inevitably working 
in the coupled condition of high-density electric current and strong 
magnetic field. Taking the converter transformers of UHV transmission 
for example, the electric current density through copper during the 
short-circuit that occurs from time to time can reach 104 A/cm2 or 
higher [5] (this value even reaches 106 A/cm2 for electromagnetic 
launching [6]), and the induced magnetic field is as strong as several 
tesla (T). Coppers working in this condition always have an undesirable 
mechanical deformation, which may cause the premature failure or even 
total loss of the whole equipment [7]. In recent years, great efforts have 
been made to study the effect of individual electric [8–10] or magnetic 
stimuli [11–13] on the mechanical deformation of metallic materials. 
However, little has been known about the mechanical behaviors of 
conductive materials under the concurrent electric and magnetic stim
uli, especially from the quantitative aspect, given the complexity of 
multi-fields coupling tests. 

By virtue of the strong built-in magnetic field inside transmission 
electron microscope (TEM) equipped with the in-situ electro-mechanical 
technology [14–17], we have established a quantitative 
electro-magnetic-mechanical testing system. Using this design, it’s 
possible to load a sample with high-density current, visualize the 
deformation process, and meanwhile obtain the corresponding 
load-displacement curve under magnetic fields. Here, magnetic fields 
with two different intensities (~0.02 T at low and ~2 T at high 
magnification mode) exist in the TEM [16,18], which provides a static 
and uniform magnetic environment for microscale samples. Taking 
advantage of the established quantitative electro-magnetic-mechanical 
experimental setup, we found a dramatic softening of copper pillars 
under the coupled electric pulse and magnetic stimuli at room temper
ature: the yield strength drops by five times when a ~106 A/cm2 electric 
pulse and the ~2 T magnetic field are concurrently imposed. The local 
Lorentz force-assisted dislocations depinning from tangled configura
tions has been proposed as a plausible mechanism for the significant 
mechanical softening. 
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The copper samples used here were directly taken from a UHV 
transmission cable core (Fig. 1a), which was made by the oxygen-free 
high-purity (>99.95 wt.%) copper via cold-working. The inset in 
Fig. 1a exhibits electron backscattering diffraction (EBSD) mapping re
sults of selected areas of the cable, demonstrating an average grain size 
of ~5.3 μm. High-density tangled preexisting dislocations introduced by 
cold-working can be clearly observed (see the TEM image taken under 
dual-beam conditions in Fig. 1b). The dislocation density was estimated 
to be 5.96×1014 m− 2 using the line intercept method [19]. 

Copper plates were wire-cut from the cable and mechanically grin
ded to the thickness of ~100 μm, followed by electrochemical etching of 
one edge to <50 μm. Submicron-sized copper pillars with side length of 
~500 nm and axial length of ~1500 nm were fabricated on the thinned 
edge via a focused ion beam (FIB, FEI Helios NanoLab 600i) using 30 
keV Ga+ with gradually decreased beam current from 9.3 nA to 28 pA. 
Specifically, copper pillars were carefully machined by selecting areas 
inside individual grains through the orientation-dependent imaging of 
the ion beam (Supplementary Fig. 1). Quantitative compression tests 
with electric pulses were performed via an electro-mechanical coupling 
holder (Bruker-Hysitron PI 95 ECR) under the built-in magnetic field 
inside a 200 kV field-emission gun TEM (JEOL-2100F), see Supple
mentary Fig. 2. As shown in Fig. 1c, upon the tungsten punch well- 
touched with pillars, the mechanical load (F, the white arrow) and 
electric pulses (i, blue pulses) can be simultaneously applied to the 
sample exposed in the magnetic field (B, black crosses). Fig. 1b exhibits 
schematic illustrations of the loading curve with a constant displace
ment rate and electric pulses. Periodic electric pulses with square profile 
were applied via a source meter (Keithley 2602A) controlled by soft
ware. The width of electric pulses was set as 0.07 ms during a pulse 
period of 100 ms, to minimize the Joule heating effect. Note that electric 

pulses were artificially turned off before the unloading, therefore the 
real-time deformation behaviors of the pillars with and without electric 
pulses can be clearly observed and recorded. 

Typical engineering stress-strain curves of copper pillars compressed 
with or without electric pulses under 0.02 and 2 T magnetic fields are 
shown in Fig. 2. As exhibited in Fig. 2a, the uncharged copper pillars in 
0.02 T magnetic field demonstrate the yield stress of ~300 MPa and 
intermittent strain during the plastic flow, manifested as the individual 
strain bursts. Here, the yield stress was defined as the onset of the first 
strain burst, or the point deviating from linear elasticity. When subjected 
to electric pulses of 6.9 × 106 A/cm2 under a 0.02 T magnetic field, no 
apparent changes were observed in the deformation behavior, yield 
stress or flow stress of the copper pillar with the power on and off. As 
displayed in Fig. 2b, for the uncharged pillars in the magnetic field with 
the increased intensity of 2 T, they demonstrate similar deformation way 
and strength with the low-magnetic field cases. However, when electric 
pulses of ~106 A/cm2 passes the sample in the 2 T magnetic field, copper 
pillars readily deform at lower stresses. Blue part of the curves in Fig. 2b 
exhibit the sample deformation with different current density, one can 
find both the yielding and the subsequent plastic flow stress already 
occurred and sustained at reduced stress level. And the higher current 
density results in lower yielding and flow stress. Interestingly, once the 
electric power was cut off, the flow stress can recover to the normal 
value (~500 MPa) immediately. The above experimental results indi
cate that the dramatic decrease of yield and flow stress in copper 
occurred with the concurrent 2 T magnetic field and 106 A/cm2 electric 
pulses, resulting in a significant “electromagnetic softening”. 

To more clearly illustrate the softening degree of copper pillars 
charged with different electric current density in magnetic fields, the 
yield stress and normalized stress recovery upon power off were 

Fig. 1. (a) The schematic illustration of the 
copper cable sample and the EBSD mapping of a 
local area. (b) A typical bright-field TEM image 
showing the dislocation configurations in the 
cold-worked copper sample with the g vector of 
the dual-beam condition labeled upper right. 
(c) The schematic of the in-situ electrome
chanical test under a static magnetic field inside 
TEM. F, B and i indicated the mechanical load, 
magnetic field and electric pulses, respectively. 
(d) The schematic of compressive loading with 
constant displacement rate coupled with elec
tric pulses. Note that the electric pulses have 
been cut off before unloading. The inset dashed 
rectangles show detailed parameters of electric 
pulses.   
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measured as a function of current densities in the 2 T and 0.02 T mag
netic fields, respectively. Copper pillars compressed in the 2 T magnetic 
field without pulse current through, hold the yield strength in the range 
of 240 ~ 310 MPa (Fig. 3a). When the pulse current density reaches to 
7.4 × 106 A/cm2, the yield strength decreases down to ~54 MPa, i.e., the 
higher current density corresponds to the much lower yield strength. 
While for the 0.02 T magnetic field case, the yield strength remains 

almost constant (~320 MPa) with the increasing current density. 
Normalized stress recovery after power-off is defined as (σpower-off - σpower- 

on)/σpower-off, where the σpower-on and σpower-off stands for the instantaneous 
stress of deformed samples before power-off and the achievable highest 
stress after power-off, respectively, as schematically illustrated in the 
inset of Fig. 3b. Similar with the yield strength change, in the 2 T 
magnetic field: the higher current density, the larger stress recovery 
upon power-off; whereas in the 0.02 T magnetic field, no detectable 
stress recovery when power off, even copper pillars have been charged 
with much higher current densities. This suggests that the electromag
netic softening is tunable with a suitable combination of the current 
density and magnetic field intensity. 

Specifically, to further evaluate the time-dependent deformation 
behaviors in copper under coupled electromagnetic stimuli, the “elec
tromagnetic creep” tests were carried out inside TEM. The schematic 
experimental setup is illustrated in Fig. 4a. A constant mechanical force 
was applied and maintained, under which the copper pillar is far from 
yielding. Then the elastically-loaded copper pillar was imposed with 
electric pulses under the 2 T magnetic for 60 s, during which the pillar 
became shortened gradually. The TEM images of a copper pillar before 
and after the “electromagnetic creep” test (Fig. 4b) show obvious plastic 
deformation. The axial length change ΔL of each copper pillar was 
carefully measured via the pixel analysis to assess the accumulated creep 
strain, defined as εc = ΔL/L0, where L0 is the initial axial length of the 
pillar. Fig. 4c demonstrates the accumulated creep strain εc in different 
magneto-electro-mechanical test combinations. In the 2 T magnetic 
field, the copper pillar will have larger εc with the applied mechanical 
force or pulse current density increased, and the maximum εc is as high 
as 50.8% in our experiments. In contrast, under the same mechanical 
load, εc is close to zero for those copper pillars tested in 0.02 T magnetic 
field even with higher pulse current density (7.5 × 106 A/cm2). The 
“electromagnetic creep” experiment results further validate that the 
strong enough electric and magnetic coupled stimuli can make the 
copper pillar deform permanently with the applied force well-below the 
yielding, and the room-temperature accumulated creep strain is sur
prisingly large in a quite short exposure time (only 60 s). 

To understand the unusually significant “electromagnetic softening” 
in copper, the major contributing factors should be found out. The 
plastic deformation of the tested copper with the diameter of ~500 nm is 
mediated by the dislocations sliding [20]. Therefore, the contributing 
factors for the observed softening should be what can affect the dislo
cation activities in metals. For the coupled electro-magneto-mechanical 
case here, the known mechanisms that may facilitate the motion of 
dislocations are the Joule heating effect [10,21], electron wind force 

Fig. 2. (a) Typical engineering stress-strain curves of the copper pillar com
pressed under 0.02 T magnetic field without and with electric pulses of 6.9 ×
106 A/cm2. (b) Typical engineering stress-strain curves of the copper pillar 
compressed under 2 T magnetic field without current, with electric pulses of 
1.4 × 106 A/cm2, 2.9 × 106 A/cm2 and 4.5 × 106 A/cm2. The power-on part of 
the curves is highlighted by blue color. 

Fig. 3. The yield stress (a) and normalized stress recovery upon power-off (b) as a function of the current densities under the 0.02 and 2 T magnetic field, 
respectively. The inset in (b) show the schematic of stress recovery upon power off in the 2 T magnetic field. 
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[22] as well as the magneto-plasticity effect [23]. 
The dominant effect of Joule heating for the observed softening can 

be excluded firstly, since the mechanical softening does not occur in the 
absence of the strong enough magnetic field (2 T), even though the 
current density reaches as high as ~7 × 106 A/cm2 (Fig. 2a). Similar 
compression tests were performed on copper pillars charged by the 
continuous current of 106 A/cm2 under the weak magnetic field (0.02 
T), where the Joule heating effect is more pronounced than the pulse 
current cases, but no mechanical softening observed, either (Supple
mentary Fig. 3). In addition, the temperature increase caused by Joule 
heating in copper has been estimated via the finite element modeling 
using the COMSOL Multiphysics software with identical sample di
mensions. The simulation results show a negligible temperature rise of 
only less than 0.5 K (Supplementary Fig. 4), primarily due to the rapid 
thermal energy dissipation via the heat conduction to heat dissipaters, 
such as the millimeter-sized copper substrate and tungsten tip, copper 
mount, and the metallic components of the TEM holder. 

The electron wind force, resulting from the momentum transfer from 
drift electrons to metal atoms, can promote the mobility of dislocations 
to some extent [24]. If the electron wind force is the dominant factor, 
similarly, the mechanical softening should not rely on the applied strong 
enough magnetic field but be closely related to the electric current 
density. Actually, no apparent softening has been observed in copper 
pillars compressed under the weak magnetic field (0.02 T) regardless of 
the current density, pulse or constant current (Supplementary Fig. 3). 
The electron wind force, σed, can be estimated according to the equita
tion σed =Cewj, where Cew is the electron force coefficient as 2.95×10− 6 

MPa/(A/cm2) for copper [10]. With the current density of 6.9 × 106 

A/cm2, the calculated σed is only ~20 MPa, far below the stress (~102 

MPa [25]) for driving dislocations in submicron pillars of 
face-centered-cubic metals. Therefore, the electron wind force is not the 
critical factor, either. 

Magneto-plasticity theory argues that the pulse current-induced [26] 
or the external magnetic field [11–13] may assist dislocations depinning 
from the paramagnetic obstacles and hence make the plastic deforma
tion of metallic materials easier [13,27,28]. However, the reported 
magnetic effect theory was more applicable for metals with a consid
erable quantity of solute atoms or particle inclusions [29]. Whereas, the 

copper materials studied here are simple metals with high purity. 
Therefore, the magnetic-field-assisted depinning of dislocations from 
paramagnetic obstacles should not be dominant to the softening here. 

According to the discussion above and our experimental results, in
dividual electric pulses or magnetic field cannot instigate the unusually 
significant softening in the coupled electro-magneto-mechanical con
dition. A plausible mechanism of local-Lorentz-force assisted depinning 
of tangled dislocations is naturally proposed. Before or during the plastic 
deformation, dislocations interact with each other and form the immo
bile dislocation tangle configuration. These dislocation tangles cannot 
be untied until the applied load increases to a high enough value, fol
lowed by collective dislocations gliding out of the sample quite easily 
and reconstruction of the tangled structure again in the subsequent 
deformation [25,30]. So, the depinning of dislocations becomes the 
rate-limiting process in the plastic deformation of submicron-sized 
copper pillars. Multiple dislocation junctions in the tangled dislocation 
network act as effective pinning points of dislocation, meanwhile these 
pinning points with more disordered lattice would severely scatter drift 
electrons, enabling local high-density electrons near pinning points [29, 
31]. Once the electrons begin to move, even by a small distance, a local 
Lorentz force near pinning points would be produced in the magnetic 
field. When the magnetic field is strong enough (e.g., ~2 T), the induced 
local Lorentz force will hence be large enough to depin dislocations with 
the assistance of a much lower externally applied mechanical loading, i. 
e. the “electromagnetic softening”. Higher current density means more 
local electrons and hence the larger local Lorentz force, therefore the 
pillars would yield at a lower mechanical stress. 

To recapitulate, making full use of the built-in magnetic field inside 
TEM, we performed a series of in-situ electro-magneto-mechanical tests 
and found an unusual mechanical softening in copper. This “electro
magnetic softening” is much more significant than the known electro
plasticity [32,33] or magnetoplasticity [13], and can be well tuned with 
a suitable combination of the current density and magnetic field in
tensity. This finding would be helpful to understand the premature 
failure of some metallic components served in engineering converter 
transformers of the UHV transmission, i.e., these metals with originally 
high-enough design strength become much softer and deform with 
larger and larger plastic strain with the extension of service time. What’s 

Fig. 4. (a) The schematic curve of the creep test under the load-control mode coupled with electric pulses. Notice that electric pulses were imposed within the 
constant loading range. (b) TEM images of a typical submicron copper pillar before and after the creep test under the applied load of 50 μN coupled with electric 
pulses of 3.5 × 106 A/cm2 and magnetic field of 2 T. (c) The accumulated creep strain of submicron copper pillars with respect to current densities under magnetic 
fields of 2 T and 0.02 T, respectively, with detailed experimental parameters shown next to the symbols. Dash lines exhibit the numerical fitting. 

Y. Yang et al.                                                                                                                                                                                                                                    



Scripta Materialia 231 (2023) 115438

5

more, our finding may inspire a new processing method, given that 
metals can be significantly softened to dramatically lower stress level 
with no extra heating requirement and apparent temperature increase, 
avoiding the coarsened crystals and reducing the energy consumption. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgements 

This work was supported by State Grid Corporation of China Head
quarters Technology Project (5500-202055098A-0-0-00). 

Supplementary materials 

Supplementary material associated with this article can be found, in 
the online version, at doi:10.1016/j.scriptamat.2023.115438. 

References 

[1] H.M. Ahn, Y.H. Oh, J.K. Kim, J.S. Song, S.C. Hahn, Experimental verification and 
finite element analysis of short-circuit electromagnetic force for dry-type 
transformer, IEEE Trans. Magn. 48 (2) (2012) 819–822. 

[2] H.M. Ahn, J.Y. Lee, J.K. Kim, Y.H. Oh, S.Y. Jung, S.C. Hahn, Finite-element analysis 
of short-circuit electromagnetic force in power transformer, IEEE Trams. Ind. Appl. 
47 (3) (2011) 1267–1272. 

[3] H.D. Fair, Progress in electromagnetic launch science and technology, IEEE Trans. 
Magn. 43 (1) (2007) 93–98. 

[4] Q. Li, M. Wei, Q.A. Lv, H. Xiang, B. Lei, Simulation on controlled strong magnetic 
environment for electronic fuze during railguns launching, in: 2016 3rd 
International Conference on Information Science and Control Engineering 
(ICISCE), 2016, pp. 1121–1125. 

[5] B. Chen, X. Liang, Q. Xiao, Z. Liu, N. Zhang, D. Zhan, Analysis on influence of 
winding layout on leakage magnetic field and electromagnetic force of high- 
frequency transformer, High Volt. Appar. 58 (2) (2022) 95–102. 

[6] L. Rip, S. Satapathy, H. Kuo-Ta, Effect of geometry change on the current density 
distribution in C-shaped armatures, IEEE Trans. Magn. 39 (1) (2003) 72–75. 

[7] Y. Li, Q. Xu, Y. Lu, Electromagnetic force analysis of a power transformer under the 
short-circuit condition, IEEE Trans. Appl. Supercond. 31 (8) (2021) 1–3. 

[8] S. Zhao, R. Zhang, Y. Chong, X. Li, A. Abu-Odeh, E. Rothchild, D.C. Chrzan, 
M. Asta, J.W. Morris, A.M. Minor, Defect reconfiguration in a Ti–Al alloy via 
electroplasticity, Nat. Mater. (2020) 468–472. 

[9] H. Conrad, Electroplasticity in metals and ceramics, Mater. Sci. Eng. A 287 (2) 
(2000) 276–287. 

[10] A.F. Sprecher, S.L. Mannan, H. Conrad, On the mechanisms for the electroplastic 
effect in metals, Acta Metall. 34 (7) (1986) 1145–1162. 

[11] G.R. Li, J.F. Cheng, H.M. Wang, P.S. Li, C.Q. Li, Influence of a high pulsed magnetic 
field on the tensile properties and phase transition of 7055 aluminum alloy, Mater. 
Res. Express 3 (10) (2016). 

[12] G.-R. Li, F.-F. Wang, H.-M. Wang, R. Zheng, F. Xue, J.-F. Cheng, Influence of high 
pulsed magnetic field on tensile properties of TC4 alloy, Chin. Phys. B 26 (4) 
(2017), 046201. 

[13] Y. Guo, Y.J. Lee, Y. Zhang, H. Wang, Magneto-plasticity in micro-cutting of single- 
crystal copper, J. Mater. Sci. Technol. 124 (2022) 121–134. 

[14] Y.Q. Zhang, K. Chen, H. Shen, Y.C. Wang, M.N. Hedhili, X.X. Zhang, J. Li, Z. 
W. Shan, Achieving room-temperature M-2-phase VO2 nanowires for superior 
thermal actuation, Nano Res. 14 (11) (2021) 4146–4153. 

[15] X. Wang, K. Chen, Y. Zhang, J. Wan, O.L. Warren, J. Oh, J. Li, E. Ma, Z. Shan, 
Growth conditions control the elastic and electrical properties of ZnO nanowires, 
Nano Lett. 15 (12) (2015) 7886–7892. 

[16] H. Lu, Z. Wang, D. Yun, J. Li, Z. Shan, A new approach of using Lorentz force to 
study single-asperity friction inside TEM, J. Mater. Sci. Technol. 84 (2021) 43–48. 

[17] Y.C. Wang, J. Ding, Z. Fan, L. Tian, M. Li, H.H. Lu, Y.Q. Zhang, E. Ma, J. Li, Z. 
W. Shan, Tension-compression asymmetry in amorphous silicon, Nat. Mater. 20 
(10) (2021) 1371–1377. 

[18] D. Williams, C. Carter, Transmission Electron Microscopy: A Textbook for Materials 
Science, Second ed., Springer, New York, 2009. 

[19] J.E. Bailey, P.B. Hirsch, The dislocation distribution, flow stress, and stored energy 
in cold-worked polycrystalline silver, Philos. Mag. 5 (53) (1960) 485–497. 

[20] Y. Yue, P. Liu, Q. Deng, E. Ma, Z. Zhang, X. Han, Quantitative evidence of crossover 
toward partial dislocation mediated plasticity in copper single crystalline 
nanowires, Nano Lett. 12 (8) (2012) 4045–4049. 

[21] J. Magargee, F. Morestin, J. Cao, Characterization of flow stress for commercially 
pure titanium subjected to electrically assisted deformation, J. Eng. Mater. 
Technol. 135 (4) (2013). 

[22] O.A. Troitskii, Electromechanical effect in metals, JETP Lett. 10 (1) (1969), 11-+. 
[23] M.I. Molotskii, Theoretical basis for electro- and magnetoplasticity, Mater. Sci. 

Eng. A 287 (2) (2000) 248–258. 
[24] S. Xiang, X. Zhang, Dislocation structure evolution under electroplastic effect, 

Mater. Sci. Eng. A 761 (2019), 138026. 
[25] Z.-J. Wang, Q.-J. Li, Z.-W. Shan, J. Li, J. Sun, E. Ma, Sample size effects on the large 

strain bursts in submicron aluminum pillars, Appl. Phys. Lett. 100 (7) (2012), 
071906. 

[26] M. Molotskii, V. Fleurov, Magnetic effects in electroplasticity of metals, Phys. Rev. 
B 52 (22) (1995) 15829–15834. 

[27] M. Molotskii, V. Fleurov, Spin effects in plasticity, Phys. Rev. Lett. 78 (14) (1997) 
2779–2782. 

[28] M. Molotskii, Work hardening of crystals in a magnetic field, Phil. Mag. Lett. 73 (1) 
(1996) 11–15. 

[29] M.-J. Kim, S. Yoon, S. Park, H.-J. Jeong, J.-W. Park, K. Kim, J. Jo, T. Heo, S.- 
T. Hong, S.H. Cho, Y.-K. Kwon, I.-S. Choi, M. Kim, H.N. Han, Elucidating the origin 
of electroplasticity in metallic materials, Appl. Mater. Today 21 (2020), 100874. 

[30] F. Csikor Ferenc, C. Motz, D. Weygand, M. Zaiser, S. Zapperi, Dislocation 
avalanches, strain bursts, and the problem of plastic forming at the micrometer 
scale, Science 318 (5848) (2007) 251–254. 

[31] K.P. McKenna, A.L. Shluger, Electron and hole trapping in polycrystalline metal 
oxide materials, Proc. R. Soc. A 467 (2131) (2011) 2043–2053. 

[32] T. Jiang, L. Peng, P. Yi, X. Lai, Investigation of deformation behavior of SS304 and 
pure copper subjected to electrically assisted forming process, J. Manuf. Sci. Eng. 
139 (1) (2016), 011004. 

[33] D. Li, E. Yu, Z. Liu, Microscopic mechanism and numerical calculation of 
electroplastic effect on metal’s flow stress, Mate. Sci. Eng. A 580 (2013) 410–413. 

Y. Yang et al.                                                                                                                                                                                                                                    

https://doi.org/10.1016/j.scriptamat.2023.115438
http://refhub.elsevier.com/S1359-6462(23)00162-8/sbref0001
http://refhub.elsevier.com/S1359-6462(23)00162-8/sbref0001
http://refhub.elsevier.com/S1359-6462(23)00162-8/sbref0001
http://refhub.elsevier.com/S1359-6462(23)00162-8/sbref0002
http://refhub.elsevier.com/S1359-6462(23)00162-8/sbref0002
http://refhub.elsevier.com/S1359-6462(23)00162-8/sbref0002
http://refhub.elsevier.com/S1359-6462(23)00162-8/sbref0003
http://refhub.elsevier.com/S1359-6462(23)00162-8/sbref0003
http://refhub.elsevier.com/S1359-6462(23)00162-8/sbref0004
http://refhub.elsevier.com/S1359-6462(23)00162-8/sbref0004
http://refhub.elsevier.com/S1359-6462(23)00162-8/sbref0004
http://refhub.elsevier.com/S1359-6462(23)00162-8/sbref0004
http://refhub.elsevier.com/S1359-6462(23)00162-8/sbref0005
http://refhub.elsevier.com/S1359-6462(23)00162-8/sbref0005
http://refhub.elsevier.com/S1359-6462(23)00162-8/sbref0005
http://refhub.elsevier.com/S1359-6462(23)00162-8/sbref0006
http://refhub.elsevier.com/S1359-6462(23)00162-8/sbref0006
http://refhub.elsevier.com/S1359-6462(23)00162-8/sbref0007
http://refhub.elsevier.com/S1359-6462(23)00162-8/sbref0007
http://refhub.elsevier.com/S1359-6462(23)00162-8/sbref0008
http://refhub.elsevier.com/S1359-6462(23)00162-8/sbref0008
http://refhub.elsevier.com/S1359-6462(23)00162-8/sbref0008
http://refhub.elsevier.com/S1359-6462(23)00162-8/sbref0009
http://refhub.elsevier.com/S1359-6462(23)00162-8/sbref0009
http://refhub.elsevier.com/S1359-6462(23)00162-8/sbref0010
http://refhub.elsevier.com/S1359-6462(23)00162-8/sbref0010
http://refhub.elsevier.com/S1359-6462(23)00162-8/sbref0011
http://refhub.elsevier.com/S1359-6462(23)00162-8/sbref0011
http://refhub.elsevier.com/S1359-6462(23)00162-8/sbref0011
http://refhub.elsevier.com/S1359-6462(23)00162-8/sbref0012
http://refhub.elsevier.com/S1359-6462(23)00162-8/sbref0012
http://refhub.elsevier.com/S1359-6462(23)00162-8/sbref0012
http://refhub.elsevier.com/S1359-6462(23)00162-8/sbref0013
http://refhub.elsevier.com/S1359-6462(23)00162-8/sbref0013
http://refhub.elsevier.com/S1359-6462(23)00162-8/sbref0014
http://refhub.elsevier.com/S1359-6462(23)00162-8/sbref0014
http://refhub.elsevier.com/S1359-6462(23)00162-8/sbref0014
http://refhub.elsevier.com/S1359-6462(23)00162-8/sbref0015
http://refhub.elsevier.com/S1359-6462(23)00162-8/sbref0015
http://refhub.elsevier.com/S1359-6462(23)00162-8/sbref0015
http://refhub.elsevier.com/S1359-6462(23)00162-8/sbref0016
http://refhub.elsevier.com/S1359-6462(23)00162-8/sbref0016
http://refhub.elsevier.com/S1359-6462(23)00162-8/sbref0017
http://refhub.elsevier.com/S1359-6462(23)00162-8/sbref0017
http://refhub.elsevier.com/S1359-6462(23)00162-8/sbref0017
http://refhub.elsevier.com/S1359-6462(23)00162-8/sbref0018
http://refhub.elsevier.com/S1359-6462(23)00162-8/sbref0018
http://refhub.elsevier.com/S1359-6462(23)00162-8/sbref0019
http://refhub.elsevier.com/S1359-6462(23)00162-8/sbref0019
http://refhub.elsevier.com/S1359-6462(23)00162-8/sbref0020
http://refhub.elsevier.com/S1359-6462(23)00162-8/sbref0020
http://refhub.elsevier.com/S1359-6462(23)00162-8/sbref0020
http://refhub.elsevier.com/S1359-6462(23)00162-8/sbref0021
http://refhub.elsevier.com/S1359-6462(23)00162-8/sbref0021
http://refhub.elsevier.com/S1359-6462(23)00162-8/sbref0021
http://refhub.elsevier.com/S1359-6462(23)00162-8/sbref0022
http://refhub.elsevier.com/S1359-6462(23)00162-8/sbref0023
http://refhub.elsevier.com/S1359-6462(23)00162-8/sbref0023
http://refhub.elsevier.com/S1359-6462(23)00162-8/sbref0024
http://refhub.elsevier.com/S1359-6462(23)00162-8/sbref0024
http://refhub.elsevier.com/S1359-6462(23)00162-8/sbref0025
http://refhub.elsevier.com/S1359-6462(23)00162-8/sbref0025
http://refhub.elsevier.com/S1359-6462(23)00162-8/sbref0025
http://refhub.elsevier.com/S1359-6462(23)00162-8/sbref0026
http://refhub.elsevier.com/S1359-6462(23)00162-8/sbref0026
http://refhub.elsevier.com/S1359-6462(23)00162-8/sbref0027
http://refhub.elsevier.com/S1359-6462(23)00162-8/sbref0027
http://refhub.elsevier.com/S1359-6462(23)00162-8/sbref0028
http://refhub.elsevier.com/S1359-6462(23)00162-8/sbref0028
http://refhub.elsevier.com/S1359-6462(23)00162-8/sbref0029
http://refhub.elsevier.com/S1359-6462(23)00162-8/sbref0029
http://refhub.elsevier.com/S1359-6462(23)00162-8/sbref0029
http://refhub.elsevier.com/S1359-6462(23)00162-8/sbref0030
http://refhub.elsevier.com/S1359-6462(23)00162-8/sbref0030
http://refhub.elsevier.com/S1359-6462(23)00162-8/sbref0030
http://refhub.elsevier.com/S1359-6462(23)00162-8/sbref0031
http://refhub.elsevier.com/S1359-6462(23)00162-8/sbref0031
http://refhub.elsevier.com/S1359-6462(23)00162-8/sbref0032
http://refhub.elsevier.com/S1359-6462(23)00162-8/sbref0032
http://refhub.elsevier.com/S1359-6462(23)00162-8/sbref0032
http://refhub.elsevier.com/S1359-6462(23)00162-8/sbref0033
http://refhub.elsevier.com/S1359-6462(23)00162-8/sbref0033

	Significant mechanical softening of copper under coupled electric and magnetic stimuli
	Declaration of Competing Interest
	Acknowledgements
	Supplementary materials
	References


